Abstract Parotid glands of experimental animals fed a liquid diet are reported to show atrophy (Hall and Schneyer 1964; Wilborn and Schneyer 1970; Hand and Ho 1981; Scott et al. 1990; Scott and Gunn 1991) . To clarify whether apoptosis and proliferation of acinar cells participate in atrophy of rat parotid glands induced by liquid diet, rats were fed a liquid diet and compared to pellet-fed controls. Parotid glands were removed at 3, 7, 14 or 21 days, weighed, and examined using transmission electron microscopy (TEM), and studied immunohistochemically for cleavedcaspase-3 (Casp-3), a marker of apoptotic cells, and 5-bromo-2 0 -deoxyuridine (BrdU), a marker for proliferating cells. Body weights of experimental rats fed liquid diets were not significantly different from controls fed pellet diets; however weights of experimental parotid glands were smaller than those of controls. In the experimental parotid glands, structures like apoptotic bodies were histologically observed in acini at each time point; more Casp-3-positive acinar cells were identified in experimental parotid glands than in the controls on days 3, 7, and 14. Experimental glands showed fewer BrdU-positive acinar cells at each time point. TEM confirmed typical apoptotic acinar cells in the atrophic glands. These findings suggest that increased acinar cell apoptosis and reduced acinar cell proliferation occur in atrophic parotid glands of rats fed a liquid diet.
Introduction
Mastication is important both for preparing of a food boluses for swallowing and digestion and for maintaining oral health and enhanced salivation (Kawamura 1972) . Although modern diets feature soft foods which do not require extensive mastication (Murakami et al. 2007) , an easily chewable diet is thought to have unfavorable effects on the craniofacial region (Hanihara et al. 1981; Varrela 1992) . Many experimental studies using laboratory animals have investigated these effects; influence of liquid diet has been confirmed in the craniofacial skeleton (Ito et al. 1988; Yamamoto 1996) and masseter muscles (Maeda et al. 1990; Kitagawa et al. 2004) . Parotid glands also reportedly show atrophic alterations in animals fed a liquid diet. In atrophic parotid glands induced by liquid diet, shrinkage of acinar cells, in which secretory granules decrease, has been morphologically observed (Hall and Schneyer 1964; Wilborn and Schneyer 1970; Hand and Ho 1981; Scott et al. 1990; Scott and Gunn 1991) and reductions in parotid gland amylase activity have been shown by biochemical analysis (Hall and Schneyer 1964; Hand and Ho 1981; Johnson 1982; Scott and Gunn 1994) .
Apoptosis is reportedly common in atrophy of exocrine glands. For example, epithelial cell numbers decrease by apoptosis during involution of the lactating mammary glands after weaning (Walker et al. 1989) . Acinar cells apoptose in the atrophic pancreas induced by duct obstruction (Walker 1987) , and similar observations are reported in atrophy of parotid glands following duct ligation (Walker and Gobe 1987; Scott et al. 1999) . However, the role and manifestation of apoptosis in atrophy of parotid glands of rats fed liquid diets have received little attention. Involvement of acinar cell proliferation, which regulates cell population together with apoptosis, is unclear as well.
To establish whether apoptosis and mitotic cell proliferation of acinar cells were involved in liquid diet-induced atrophy of parotid glands, atrophic parotid glands of rats fed a liquid diet were examined, using immunohistochemistry for cleaved-caspase-3 (Casp-3) and for 5-bromo-2 0 -deoxyuridine (BrdU) and transmission electron microscopy (TEM). This study is important to contribute to clarifying the mechanism of atrophy of salivary glands, playing significant roles to maintain the oral cavity environment.
Materials and methods
All animal experimentation of this study was conducted with the approval of the Laboratory Animal Committee of Hokkaido University (Approval No. 09-0009) and complied with the Guide for the Care and Use of Laboratory Animals of Hokkaido University. Seven-week-old male Wistar rats (Hokudo Co. Ltd., Sapporo, Japan) were divided into control and experimental groups. Control rats were fed a pellet diet; experimental animals were fed a liquid diet, prepared by mixing two parts of water with one part of a powdered diet of the above pellet diet for 3, 7, 14, or 21 days (n = 4 for the control and experimental groups at each time point). All animals were weighed daily during the experimental period. Both diets were removed for a 12-h fasting period prior to perfusion. One hour after administration of BrdU at a dose of 25 mg/kg body weight by intraperitoneal injection, the animals were perfused with 4 % paraformaldehyde buffered at pH 7.4 with 0.1 M phosphate buffer under pentobarbital anaesthesia; parotid glands were then removed. A small portion of each left gland was set aside for ultrastructural examinations. The right glands were weighed and immersed in the same fixative for 24 h. After fixation, the whole right glands were tangentially embedded in paraffin and were serially sectioned to obtain maximum surface. Several paraffin sections were stained with hematoxylin and eosin (HE).
The deparaffinaized sections were immersed in 0.3 % hydrogen peroxide for blocking the endogenous peroxidase. For Casp-3 immunohistochemistry, sections were boiled in 10 mM tris/1 mM EDTA buffer at pH 8.8 for antigen retrieval. Anti-Casp-3 rabbit polyclonal antibody (Asp 175, Biocare Medical, Concord, CA) as the primary antibody and anti-rabbit swine polyclonal antibody (DakoCytomation, Glostrup, Denmark) as the secondary antibody were used. For BrdU immunohistochemistry, sections were pretreated with 0.1 % trypsin and 3 N HCl and rinsed thoroughly with phosphate buffered saline. Sections were then incubated with anti-BrdU mouse monoclonal antibody (Bu-20a, DakoCytomation), and next with biotinylated anti-mouse rabbit polyclonal antibody (DakoCytomation). Next, sections for both Casp-3 and BrdU were reacted with streptavidin-biotin horseradish peroxidase complex (DakoCytomation), placed in 3,3 0 -diaminobenzidine for visualization, and lightly counter-stained with Mayer's hematoxylin. Normal mouse or rabbit serum was substituted for the primary antibody as negative controls. Four sections stained with Casp-3 and with BrdU from each animal were used for quantification. Each section was divided into 10 parts with approximately equal area, and a field was chosen from each part without intention. In 10 fields, all acinar cells and immuno-positive acinar cells were counted at a magnification of 9200 (ECLIPSE 80i, Nikon, Japan). The labeling index (percentage of acinar cells labeled) of each section was calculated from 10 fields; the mean of 4 sections was taken as representative value of that animal. Means and standard errors of means (SEM) were calculated for 4 control animals and for 4 experimental ones at each time point. All numerical data were subjected to the Mann-Whitney U test. Values of P \ 0.05 were considered statistically significant.
Specimens for TEM were immersed in 2 % paraformaldehyde-1.25 % glutaraldehyde buffered at pH 7.4 with 0.05 M sodium cacodylate following perfusion. Samples were then post-fixed in 1 % osmium tetroxide, stained en block with 4 % uranyl acetate and embedded in Epon 812. Ultrathin sections were cut and double-stained with 4 % uranyl acetate and 0.1 % lead citrate. Prepared sections were examined with a TEM (H-7100, HITACHI, Japan).
Results
Both the experimental animals and controls appeared healthy throughout the experimental period. Although the two groups showed no significant differences in body weights at any time (not shown), parotid gland weights of experimental animals decreased and were significantly smaller than those of controls at all time points (Fig. 1) . Cont Exp Days Wet Weight (mg) Fig. 1 The wet weights of parotid glands in the experimental (open bars, n = 4) and control (filled bars, n = 4) rats. Error bars are SEM; asterisks show statistically significant differences (P \ 0.05) between experimental and control rats Parotid glands of control rats showed normal morphology (Fig. 2a) . In experimental parotid glands, structures like apoptotic bodies in acini (Fig. 2b) , and atrophic acinar cells were observed (Fig. 2c) . However, ducts were histologically unchanged. Casp-3-positive reactions in acinar cells were seen rarely in controls (Fig. 2d) , but commonly in experimental parotid glands (Fig. 2e, f) . Casp-3 labeling indices for experimental acinar cells were significantly different from those of controls at days 3, 7, and 14, but not at day 21 (Fig. 3a) . More acinar cells showing BrdUpositive reactions were seen in control glands (Fig. 2g ) than in experimental ones (Fig. 2h, i) . BrdU labeling indices in experimental acinar cells were significantly lower than those of controls at every time point (Fig. 3b) . Negative control sections for Casp-3 and BrdU showed no reaction. The ultrastructural appearance of apoptosis of acinar cells was seen in experimental parotid glands at every time point. In some apoptotic acinar cells, nuclear chromatin aggregated into a sharply circumscribed dense mass abutting on the nuclear membrane; fragmentation of such nuclei and whorled rough endoplasmic reticulum (rER) were seen (Fig. 4a) . Partly degraded apoptotic bodies with nuclear fragments and rER were phagocytosed by adjacent acinar cells (Fig. 4b) .
Discussion
There were no differences in body weight of the experimental and the control animals at any point during the experimental period, showing that atrophic changes of parotid glands in rats fed a liquid diet were not caused by changes in the animals' general health.
Casp-3 has recently been employed as an immunohistochemical marker for apoptosis, since caspase-3 cleaved at apoptotic cascade activation affects structural alterations of apoptotic cells (Hughes and Gobe 2007) ; BrdU incorporated into DNA-synthesizing cells is a well known marker for cell proliferation (Gratzner 1982) . Thus antibodies against Casp-3 and BrdU were used in this study.
Histology, immunohistochemistry with Casp-3, and TEM in this study showed acinar cells were removed by apoptosis in atrophic parotid glands of rats fed a liquid diet. Although early liquid diet studies reported atrophic acinar cells undergoing necrosis (Wilborn and Schneyer 1970) and degenerating acinar cells (Hand and Ho 1981) , those studies were performed before the notion of apoptosis was widely accepted; therefore, several of the reported necrotic or degenerating acinar cells might have been apoptotic acinar cells. Taken together with other reports that acinar cell apoptosis occurs in parotid gland atrophy induced by different conditions (Walker and Gobe 1987; Chisholm et al. 1995; Scott et al. 1999) , acinar cell apoptosis appears to be essential to atrophic changes of salivary glands, regardless of the cause of atrophy. In this study, there were no differences in Casp-3 labeling index of acinar cells at day 21 of control and experimental groups, which suggests that parotid gland atrophy gradually approaches a stable condition at 3 weeks of a liquid diet.
Stimulation of parasympathetic nerve activates acinar cell proliferation in parotid glands (Burlage et al. 2009 ); acetylcholine levels, which are proportional to parasympathetic nerve stimulation, become low in parotid glands made atrophic by liquid diet (Nakamura 1997) . Considering these, reduced proliferative activity of acinar cells in atrophic parotid glands in our study could be due to decreased parasympathetic nerve stimulation caused by low masticatory stimulation. As the biological processes of apoptosis and cell proliferation are closely related (Chisholm et al. 1995) , increased apoptotic acinar cells might be induced by decreased parasympathetic stimulation as well. Nakamura (1997) reported that wet weight and acetylcholine levels of parotid glands recovered to those of controls when animals were reintroduced to solid diets. Therefore, apoptosis and proliferation of acinar cells might return to control levels in such case. However, further study is necessary to clarify this question.
Increased apoptosis and decreased proliferation of acinar cells in the present study suggest that liquid diet leads to fewer acinar cells, causing rat parotid glands to atrophy. Although no studies report directly counting cells in this experimental model, Scott et al. (1990) speculated that acinar cells decrease because parotid gland DNA content is reduced in liquid diet-caused atrophy (Johnson 1982) . Our data strongly support this speculation, and suggest that depletion of acinar cells is a factor in decreased parotid gland weight. Previous studies that use histomorphometric analysis (Scott et al. 1990; Scott and Gunn 1991) and TEM observations (Wilborn and Schneyer 1970; Hand and Ho Error bars are for SEM; asterisks show statistically significant differences (P \ 0.05) between experimental and control rats 1981) have already shown that reduced parotid gland weight to be caused by the shrinkage of acinar cell; implying that liquid diet-caused parotid gland atrophy results from both fewer and smaller acinar cells.
In conclusion, the present study shows liquid diet to promote apoptosis and reduce proliferation in parotid gland acinar cells of rats, leading to atrophy the parotid glands.
